Stem cells have acquired a golden glow in the past few years as they represent possible tools for reversing the damage wreak on organs. These cells are found not only in major regenerative tissues, such as the epithelia, blood and testes, but also in 'static tissues', such as the nervous system and liver, where they play a central role in tissue growth and maintenance. The mechanism by which stem cells maintain populations of highly differentiated, shortlived cells seems to involve a critical balance between alternate fates: daughter cells either maintain stem cell identity or initiate differentiation. Recent studies in lower organisms have unveiled the regulatory mechanisms of asymmetric stem cell divisions. In these models, the surrounding environment likely provides key instructive signals for the cells to choose one fate over another. Our understanding now extends to the intrinsic mechanisms of cell polarity that influence asymmetrical stem cell divisions. This article focuses on the genetic determinants of asymmetric stem cell divisions in lower organisms as a model for studying the process of self-renewal of mammalian hematopoietic stem cells.
Introduction
Like most other tissue-derived stem cells, hematopoietic stem cells (HSCs) display self-renewal capacity, a high proliferative potential, and they have the capacity to differentiate and produce all types of hematopoietic cells from at least 10 different lineages. Conceptually, there are only three potential outcomes for a dividing HSC: (i) a symmetrical division leading to net expansion of HSCs, (ii) an asymmetrical division leading to the maintenance of the HSC population and (iii) a symmetrical division that leads to the production of two differentiated or dying cells.
Intrinsic determinants of asymmetry in dividing cells
Asymmetrical divisions are better characterized in lower organisms (yeast, worm and fly) and may involve extrinsic or intrinsic regulators. Intrinsically, asymmetrical divisions can be created by a differential partitioning of determinants during cellular division (reviewed by Jan and Jan, 1998). Numb (see below) can be associated to the cellular membrane in an asymmetrical fashion, which leads to the production of distinct daughter cells ( Figure 1a ). In the same manner, polarization may comprise cytoplasmic factors (e.g. cytoskeletal elements, subcellular compartments) (Figure 1b) or nuclear constituents (e.g. transcriptional activator, repressor) ( Figure 1c ). Finally, DNA may be asymmetrically distributed within the nucleus (Figure 1d ) (Brummendorf et al., 1998) . Accumulation of asymmetrically segregated extrachromosomal rDNA circles (ERCs) contributes to aging of yeast mother cells and represents a good example of DNA partitioning (Sinclair and Guarente, 1997) . The recent identification of microRNAs and their potential to influence cell fate in Caenorhabditis elegans and to regulate murine hematopoiesis suggests that these important molecules may also be implicated in stem cell fate and thus may be differentially polarized during the cellular division (Bernstein et al., 2003; Bartel, 2004; Chen et al., 2004) . Asymmetrically distributed factors are differentially expressed in daughter cells by: (i) a selective localization of the mRNA; (ii) a preferential transport of the protein or (iii) a distinct degradation mechanism .
The segregation of cell fate determinants, leading to the production of two cells with different properties, is closely linked to cell cycle machinery and to mitotic cues. For example, during Drosophila neural fate, asymmetrically segregated Numb protein fails to localize properly in String (Cdc25) mutants (Wai et al., 1999) . Together, these data link cell fate determination and asymmetrical distribution of Numb (see below).
A phylogenic screen to identify intrinsic modulators of HSC fate
As discussed above, the differential partition of several proteins during cytokinesis provides a predictable and distinct fate for the two newly generated daughter cells. Is there a similar mechanism which determines the fate of dividing HSCs? Putative genetic determinants reported herein were found by: (i) performing a comprehensive review of the literature to identify messengers or proteins that are asymmetrically distributed during cytokinesis (in Saccharomyces cerevisea, Caenorhabditis elegans, Drosophila melanogaster and vertebrate cells) ( Table 1 , column 1); (ii) searching for any existing human homologs using standard bioinformatic tools (Table 1 , column 2) and (iii) investigating the expression of the resulting identified genes in hematopoietic cells based on three different types of analyses: (A) bone marrow Serial Analysis Gene Expression (SAGE) studies from the NCI SAGE project (http://cgap.nic.nih.gov); (B) expression in putative stem cell fraction identified in the new version of the StemCell Database (SCDb) (http://stemcell.princeton.edu) and (C) Affymetrix chip expression of acute leukemia samples (from the DanaFarber Cancer Institute, Boston (Armstrong et al., 2002) ) (Table 1) . Only genes that have a mammalian homolog and that are expressed in hematopoietic cells are reported in Table 1 . The abundance of each transcript (representing the number of expressed tags per 200 000 tags) in various subsets of hematopoietic cells is provided in column three of Table 1 for SAGE studies and in column four for the SCDb. Genes expressed in human leukemias (ALL, MLL, AML) are also listed in Table 1 (columns 5, 6 and 7). Below is a description of selected genes from the list shown in Table 1 .
Common homologs expressed in S. cerevisiae and primitive mammalian hematopoietic cells
This section will strictly focus on the genes selected in our screen (see above). The reader is referred to Chant (1999) and Segal and Bloom (2001) for comprehensive reviews on the asymmetrically distributed factors of yeast.
The budding yeast is a simple system to understand mechanisms implicated in the regulation of cell fate. Haploid a, haploid a and diploid a/a are the different types of yeast cells. Haploid cells divide until they find the opposite mating type cell (forming diploid a/a), while a/a cells also divide by budding and undergo meiosis and sporulation in unfavorable environmental conditions (regeneration of the haploid a and a). Polarization of determinants occurs during the mating and the budding phases; however, only in the later step, an asymmetrical segregation leading to two different progenies occurs. During budding, Cdc42, which locates in the future daughter cell, is the principal cue permitting the axis orientation of the division plane (Chant, 1999; Segal and Bloom, 2001; Liakopoulos et al., 2003 Table 1 ). The partitioning of determinants during the yeast budding involves multiple cellular machineries, including microtubule (e.g. Bik1, Bim1) and motor reorganization (e.g. Kip2), spindle positioning (e.g. Clb4, Clb5 and Cdc28) and secretory constituents (Chant, 1999; Segal and Bloom, 2001; Liakopoulos et al., 2003) . The mammalian homolog of Cdc28, Cdk2, is required for germ cell development, since male and female mice lacking this gene are sterile (Berthet et al., 2003; Ortega et al., 2003 to human motor neuron disease, demonstrating its importance in axonal transport (Jablonka et al., 2004) . The second homolog of bik1, Restin (RSN), mediates the association of dynein/dynactin to microtubule (MT) plus ends and interacts with Rac1/Cdc42 and Iqgap1 to orient microtubules and induce cell polarization (Fukata et al., 2002) . The binding of kinetochores to spindle microtubules during mitosis is also directed by Restin (Lin et al., 2001) . Furthermore, Rsn regulates the trafficking of macropinisomes to the cytoskeleton during antigen presentation (Sahin et al., 2002) . In anaplastic large-cell lymphomas and ovarian cancers,
Restin regulates proliferation and survival (Delabie et al., 1993; Ho et al., 2003) . End-binding (EB) family, including Eb1, Mapre3 (Microtubule-Associated Protein RP/EB 3) and Rp1, also regulates the association and the organization of microtubules. Kinesin family member 3A (KIF3A: mammalian homolog of the yeast Kip2), a microtubule-associated motor protein, influences the determination of the left-right asymmetry in mammalian development and regulates intraneuronal and intraretinal cell transport (Kondo et al., 1994; Hirokawa, 2000; Marszalek et al., 2000) . Dynactin1, (Bu and Su, 2001; Jimbo et al., 2002) .
Asymmetric stem cell division in HSCs
A Faubert et al KIF3A (CD34 þ CD38 þ Lin þ population)
Common homologs expressed in bilateria organisms and primitive mammalian hematopoietic cells
Seminal work in Drosophila revealed that unequal inheritance of specific determinants is the key to intrinsically determine asymmetrical neural progenitor divisions and, consequently, neural cell fate specification. A current model suggests that asymmetrical localization/segregation of Numb in neural precursors enables sibling cells to respond differently to extrinsic Notch signaling and, thus, to adopt distinct fates (A or B) (reviewed by Greenwald, 1998; Mumm and Kopan, 2000) . During asymmetric precursor division, Numb segregates exclusively into one daughter cell, the future B cell. The Notch ligand Delta signals both progenies to adopt the A-cell fate. In the A cell, Delta activation of Notch induces the cleavage of the Notch receptor and the subsequent translocation of the Notch intracellular domain to the nucleus, where it regulates transcription of specific target genes and allows the cell to adopt the A fate. In the B cell, Numb blocks reception and/or transduction of the Notch signal, possibly through its endocytosis. The absence of active Notch signaling in this cells is deterministic for B-cell fate (Santolini et al., 2000; O'Connor-Giles and Skeath, 2003) .
Vertebrate homologs of Drosophila Numb (Numb and a related protein Numblike (Nbl)) have been identified in mouse rat, chicken and human (Verdi et al., 1996 (Verdi et al., , 1999 Dho et al., 1999) . Asymmetric Numb distribution has been observed in mouse cortical precursors of the ventricular zone, chick neuroepithelial cells, neural crest lineages and rat retinal neuroepithelial precursors (Zhong et al., 1996; Wakamatsu et al., 1999 Wakamatsu et al., , 2000 Cayouette et al., 2001) . Recent studies provided direct evidence that asymmetrical distribution of Numb during cortical neural progenitor divisions promotes asymmetry in cell fate (Shen et al., 2002) . The pleiotropic defects exhibited by mouse Numb and Nbl constitutive double mutants suggest that they are part of a general molecular mechanism that integrates cellextrinsic cues for progenies of various stem cells to choose between self-renewal and appropriate differentiated fates (Petersen et al., 2002) . Numb is expressed in the majority of the leukemias examined to date (from 82 to 96%), in human unfractioned bone marrow cells (SAGE) Furthermore, several gain and loss-of-function studies performed in the chick and mouse central nervous system (CNS) revealed an apparent role for Numb in regulating the maintenance and/or the proliferation of neural stem/progenitor cells (Wakamatsu et al., 1999; Petersen et al., 2002; Zhong et al., 2000) . Similarly, mammalian homologs of Notch have been identified and shown to be asymmetrically distributed in cortical neural and neural crest stem/progenitors (Chenn and Mcconnell, 1995; Wakamatsu et al., 2000) . Alterations in Notch-1 and Notch-3 have been shown to affect stem cell fates, suggesting that Notch function in specifying cell fate might also be evolutionarily conserved (Lardelli et al., 1996; Beatus et al., 1999; Baker, 2000; Furukawa et al., 2000; Gaiano et al., 2000; Morrison et al., 2000; Wang and Barres, 2000) . Interestingly, the Notch pathway plays multiple roles in hematopoiesis, including differentiation, proliferation and survival, and may be critical for HSC activity (see also Sauvageau, Iscove and Humphries in this issue) (Allman et al., 2002; Radtke et al., 2002) . Notch1 was found in the CD34 þ CD38 À Lin À subpopulation of human bone marrow cells (SAGE) and in two enriched stem cell populations derived from the fetal liver (Sca- Table 1) . Precise review on the Numb/Notch interaction was covered by Cayouette and Raff (2002) and Shen and Temple (2002) .
Candidate cell-fate determinants which localize asymmetrically into a crescent-shaped pattern at the basal neuroblast cortex during mitosis and that are asymmetrically segregated into the ganglion mother cell (GMC) together with Numb include the Drosophila proteins Prospero, Staufen, Miranda and Pon (Partner of Numb) (Rhyu et al., 1994; Knoblich et al., 1995; Spana and Doe, 1995; Ikeshima-Kataoka et al., 1997; Li et al., 1997; Shen et al., 1997; Broadus et al., 1998; Lu et al., 1998; Schuldt et al., 1998) . Prospero is a homeodomaincontaining transcription factor that enters the GMC nucleus after mitosis and is required to turn on transcription of GMC-specific genes and turn off neuroblast-specific genes (Doe et al., 1991; Vaessin et al., 1991; Hirata et al., 1995; Knoblich et al., 1995; Spana and Doe, 1995) . Prospero RNA, like the protein, is segregated into the GMC through its interaction with Staufen (Broadus et al., 1998) . Mice lacking Prox1 (Mouse homolog of Prospero) are embryonic lethal and exhibit multiple developmental defects, caused by deregulated proliferation and apoptosis . Prox1 is also associated with development of the lymphatic system and lens fiber elongation . In vitro induction of Prox1 coincides with the initial differentiation step of neural progenitors, suggesting that this transcription factor may regulate stem cell differentiation (Torii et al., 1999) . Furthermore, Prox1 is inactivated by DNA methylation in a subset of primary lymphomas, which suggests that it behaves as a tumor suppressor gene (Nagai et al., 2003) . Accordingly, PROX1 is expressed in 18% of AML samples analysed to date. In comparison, the mammalian form of Staufen, STAU2, was found in a CD38
À subpopulation of human bone marrow cells (SCDb) and also in several acute leukemias (expressed in 5-13% of the specimens) ( Table 1) .
Miranda is a coiled-coil protein that binds to both Prospero and Staufen and is required for their translocation to the cell cortex and for their asymmetric segregation during mitosis (Ikeshima-Kataoka et al., 1997; Shen et al., 1997 Shen et al., , 2002 Matsuzaki et al., 1998; Schuldt et al., 1998) . Partner of Numb (Pon) is a novel coiled-coil domain adaptor protein that physically intersects with the phosphotyrosine binding domain of Numb and is required for its asymmetric localization in neural progenitors (Lu et al., 1998) . Recently, a role for myosin VI, encoded by the Jaguar gene, in mediating basal crescent formation in neuroblasts has been demonstrated through a biochemical interaction with Miranda (Petritsch et al., 2003 (Table 1) . Unfortunately, so far, no mammalian homologs were found for Miranda and Pon. Thus, Miranda, Staufen, Numb, Pon, Myosin VI, Prospero and pros RNA might constitute a multimolecular complex located at the basal cell cortex that is essential for asymmetric division of neural stem/progenitor cells. The reader is referred to Hawkins and Garriga (1998) for a detailed review on these genes.
In the Drosophila sensory organ precursor cells, Aurora A regulates the asymmetrical localization of Numb (reviewed by Gonzalez, 2002) . Mammalian Auroras (member of the serine/threonine kinase family) regulate centrosome separation, chromosome segregation and cytokinesis. Auroras are overexpressed in many cancers and high protein levels correlated with chromosomal instability (Katayama et al., 2003) . Accordingly, our analysis highlights the expression of AURKC in unfractioned human bone marrow cells (SAGE) and in 11% of AML samples. Its expression was not detected in the populations studied by SCDb investigators (Table 1) .
The discovery of mutations that perturb neural cell fate in Drosophila led to the cloning of a set of required genetic determinants that are asymmetrically distributed together with Numb upon neural precursor divisions. The generation of protein crescents at opposite sides of the dividing neuroblasts during mitosis is best seen at metaphase, when an apical complex initiated by the evolutionarily conserved Bazooka, Par-6 and aPkc proteins faces Numb-containing basal complexes on the opposite side of the neuroblast (reviewed by Doe and Bowerman, 2001; Knoblich, 2001; Wodarz, 2002) . A heterotrimeric G-protein cascade confined to the apical cell cortex might mediate asymmetric neuroblast division, possibly via reorganization of the actin cytoskeleton and proper orientation of the mitotic spindle (reviewed by Schweisguth, 2000) . The apical complex is assembled during the late interphase of the neuroblast cell cycle and is required, in part, for the later asymmetric localization of the basal Numb-containing complex and the apical-basal orientation of the mitotic spindle. Human forms of Par-6, partitioning defective 6 homolog alpha and beta (PARD6A, PARD6B) proteins, contain two conserved domains: PB-1 and PDZ, both of which are observed in several signaling proteins. In mammals, Par-6/Pkc complex is involved in embryonic fibroblast cell polarity, inducing the phosphorylation of Lgl, by activating the PI3K signaling pathway (Plant et al., 2003; Shi et al., 2003) . PAR-6 complex can also modulate cell growth and polarity, contributing to cellular transformation (Qiu et al., 2000) . Interestingly, Pard6A was found in human CD34 þ CD38 þ Lin þ bone marrow cell population (SAGE), several times in the SCDb library (Rho lo Lin À Sca-1 þ cKit þ subfraction) and together with PARD6B in a large proportion of the leukemia samples examined (from 6 to 54%) ( Table 1 ). The mammalian counterpart of Apkc, PRKCI, was found in almost all acute leukemic samples analysed (75-100%) (Table 1) . Interestingly, this kinase may be implicated in the regulation of tumor survival (Selzer et al., 2002; Grunicke et al., 2003) . The mammalian homolog of Bazooka, LIN7B, was not found to be expressed in hematopoietic cells and, thus, was removed from our analysis.
The orientation and position of the mitotic spindle in the cell might influence the plane of division and consequently the ability of a stem/progenitor cell to divide symmetrically or asymmetrically (reviewed by Kaltschmidt and Brand, 2002) . Although crescent formation and spindle orientation are independent events, they probably use the same spatial cue. In Drosophila neural progenitor cells, the core component of the machinery that establishes this cue is a protein called Inscuteable (encoding a putative SH3 target site, ankyrin repeats and a PDZ-binding domain). Insc localizes as an apical crescent in neuroblasts from the late interphase until anaphase, and is both necessary and sufficient to direct apical-basal cell division (Kraut and Campos-Ortega, 1996; Knoblich et al., 1999; Tio et al., 1999) . In the absence of Inscuteable, mitotic spindles in neuroblasts fail to rotate into an apical-basal orientation, and neuroblasts divide in random orientations (Kraut and Campos-Ortega, 1996) . In Insc mutants, Numb, Prospero and Miranda still localize asymmetrically, but their crescents form at random positions around the cell cortex and no longer segregate with one of the spindle poles (Kraut and Campos-Ortega, 1996; Knoblich, 2001) . The human form of Inscuteable was only identified recently and no information on hematopoietic expression was found (Katoh and Katoh, 2003) .
In a search for proteins that bind Inscuteable, Bazooka and the protein Pins (Partner of Inscuteable) were identified (Schober et al., 1999; Wodarz et al., 1999; Schaefer et al., 2000; Yu et al., 2000) . In neuroblasts, Bazooka and Pins have an Inscuteabledependent apical localization (Parmentier et al., 2000; Schaefer et al., 2000; Yu et al., 2000) . Pins contains several so-called GoLoco domains, which bind to heterotrimeric G-protein a-subunits (including Galphai). Like their Drosophila counterparts, mammalian Par-3, Par-6 and the atypical protein kinase C (aPkc) Pkc-x interact in a complex that might be involved in polarizing the actin cytoskeleton through the recruit-ment of the active form of the small GTPase Cdc42 at the apical cell cortex. A heterotrimeric G-protein cascade confined to the apical cell cortex might mediate asymmetric neuroblast division, possibly via reorganization of the actin cytoskeleton and proper orientation of the mitotic spindle (reviewed by Schweisguth, 2000) . The identification of homologs of these proteins in several other species suggests that this mechanism might be conserved from Drosophila to vertebrates. LGN, the human form of Pins, is expressed in the human CD34 þ CD38 À Lin À bone marrow cell subpopulation (SAGE) and, respectively, in 7 and 21% of human AML and ALL samples. The G-protein Gnai2 and Pard3 (mammalian forms of Galphai and Par-3) were found in the SCDb (bone marrow Rho hi , Rho lo Ho lo-
and in all subsets of leukemia analysed (from 10 to 100%).
Thus, asymmetric cell division relies on the position of the mitotic spindle, which is regulated by several different mechanisms, including the Par proteins, Gprotein signaling and members of the myosin superfamily of actin-based motors. It remains to be seen how these mechanisms are coordinated and regulated (reviewed by Kaltschmidt and Brand, 2002) .
Extrinsic determinants of asymmetry in dividing cells
The interrelation between extrinsic determinants (niche), stem cells and the regulation of cell fate is better characterized in germline cells of lower organisms (reviewed by Lin, 2002; Fuchs et al., 2004) . The Drosophila ovaries are composed of multiple ovarioles. The germarium is a structure of the ovariole and is composed of three different types of somatic cells: terminal filament cells (TF), caps cells and inner germarium sheath cells (IGS). The orientation and position in the germarium niche influence the outcome of the germline stem cell (GSC) division. Cells in close contact with the niche maintain their self-renewal potential, while cells distant from the niche proceed through differentiation. This system is regulated by a direct interaction between stem cells and environmental somatic cells and by spindle orientation during mitosis. In Drosophila testes, primordial germ stem cells (PGCs) are also selected to become GSCs, based on their juxtaposition to a cluster of somatic/support cells (called the hub or niche) located at the apical tip of the testis. Upon cell division, the daughter cell maintaining contact with the hub retains stem cell identity, whereas the cell displaced away from the hub initiates differentiation into a gonialblast (Hardy et al., 1979; Gonczy and DiNardo, 1996) .
Extrinsic determinants of asymmetry in dividing HSCs
The molecular mechanisms regulating Drosophila germinal stem cell divisions are currently being unraveled. In the female gonads, DE-cadherin-mediated cell adhesion was shown to be essential for anchoring ovarian GSCs to their niches and stimulating their proliferation (Song and Xie, 2002) . Decapentaplegic (Dpp) (the Drosophila homolog of human bone morphogenetic protein 2/4) is expressed in anterior somatic cells of the gonad and is essential for PGC proliferation. PGC mutants for thick veins, an essential Dpp receptor, are impaired in their ability to clonally populate a niche, further suggesting that Dpp is one of the extrinsic mitotic signals that promote the clonal expansion of GSCs in the niche (Zhu and Xie, 2003) .
In the male germ line, the asymmetric outcome of GSC divisions is specified, extrinsically, through direct interaction with apical hub cells expressing the signaling ligand Unpaired (Upd). This division is formed by a perpendicular orientation of spindles during mitosis by Adenomatous Polyposis Coli (Apc), which directs centrosomes perpendicular to the niche in order to ensure asymmetrical divisions (Lin, 2002; Yamashita et al., 2003) . This Apc-dependent asymmetrical division is controlled by the activation of the Janus kinase signal transducers and activators of transcription (Jak-Stat) pathway (Kiger et al., 2001; Tulina and Matunis, 2001 ). Thus, the spindle machinery is oriented to regulate cell fate and dictates the type of self-renewal division occurring in certain stem cells. According to our analysis, Apc is expressed in human unfractioned bone marrow cell population (SAGE), in mouse Rho
þ cKit þ enriched stem cell population derived from the bone marrow (SCDb) and in 13% of human ALL samples (Table 1) .
Positional information in the niche may represent a general and evolutionarily conserved regulatory mechanism of stem cell homeostasis. As mentioned earlier, in Drosophila ovaries, close proximity of a stem cell toward the TF/cap cells (niche) seems to promote asymmetric stem cell divisions, in which one daughter cell remaining in the niche self-renews and retains stem cell identity, whereas the other, displaced away, initiates differentiation. Recent studies identify the osteoblasts and the Bmp signalling pathway as potential in vivo regulators of the HSC niches (Calvi et al., 2003; Zhang et al., 2003) . This result may indicate that a redundant mechanism controls asymmetrical HSC division in Bilaterias. Since, locating and analysing the stem cell niches and identifying the molecules that orchestrate environmental positional cues and asymmetrical divisions are of major importance, future studies should address if niche regulatory molecule homologs (e.g. Dpp, Unpaired) of other systems (e.g. Drosophila GSCs) are also relevant to HSC microenvironment and regulation.
Concluding remarks
In conclusion, the genetic programs regulating HSC self-renewal remain poorly defined. However, studies in model organisms document the importance of environmental programs that regulate stem cell fate. In addition, the phylogenic search reported in this paper indicates that primitive putative hematopoietic cells may express key genes regulating cell fate and self-renewal (e.g., Numb). This study represents an initial step using lower organisms to understand the molecular basis of HSCs self-renewal; further work should extend this analysis to mammalian orthologs and paralogs of asymmetrically distributed factors.
As uncontrolled stem cell self-renewal represents the basis of cancer (see related articles in this issue), the identification of stem-cell specific genes, especially those involved in the deregulation of self-renewal capacity, is critical. Recently, a role of the tumor-suppressor genes lethal(2)giant-larvae (Lgl) and disclarge (Dlg) in regulating the asymmetric division of Drosophila neuroblasts has been demonstrated (Woods et al., 1996; Bilder et al., 2000; Ohshiro et al., 2000; Peng et al., 2000) . On the basis of such report and the insight presented in this paper, future work should address whether the aberrant proliferation of 'cancer stem cells' is also a consequence of cellular polarity defects, such as the failure to segregate determinants during asymmetric stem cell divisions.
